Heat shock 70 kDa protein 12A (HSPA12A) is an atypical member of HSP70 family, and the translationally controlled tumor protein (TCTP) is a novel HSP with chaperone-like activity. They are both involved in protecting organisms against various stressors. In the present study, the cDNAs of HSPA12A and TCTP (called MgHSPA12A and MgTCTP) were identified from Mytilus galloprovincialis by RACE approaches. The full-length cDNA of MgHSPA12A and MgTCTP encoded a peptide of 491 and 171 amino acids, respectively. Real-time PCR was employed to analyze the tissue distribution and temporal expression of these two genes after bacterial challenge and cadmium (Cd) exposure. It was found that the transcripts of MgHSPA12A and MgTCTP were dominantly expressed in gonad and muscle, respectively. The expression level of MgTCTP at 48 h post Vibrio anguillarum challenge was detected to be significantly up-regulated in hepatopancreas (P < 0.05). As concerned to Cd exposure, 2.0-fold increase of MgHSPA12A expression compared to that of the control was observed at 48 h in 5 mg/L Cd 2þ -treated group, while the expression levels of MgTCTP were significantly decreased after exposed to both 5 and 50 mg/L Cd 2þ for 24 h and 96 h.
Introduction
Heat shock proteins (HSPs) are a family of proteins involved in response to environmental, physical and chemical stresses [1] . According to their molecular masses and functions, HSPs were divided into several families, including HSP100, HSP90, HSP70, HSP60, and the small HSPs (sHSPs) [2] . Heat shock protein 70 (HSP70) and the translationally controlled tumor protein (TCTP) are both highly conserved protein widely existed in all eukaryotic organisms [3, 4] . Heat shock 70 kDa protein 12A (HSPA12A) is a novel and atypical member of HSP70 family possibly with highly specialized function that might go beyond the HSP chaperone function [5, 6] . The solution structure of TCTP from fission yeast indicated its similarity to a family of small chaperone proteins [3, 7] , and a more recent report confirmed that TCTP is a novel HSP with chaperone-like activity [8] . As members of HSPs family, HSPA12A
and TCTP was suggested to possess cytoprotective functions in response to various stressors, especially virus or bacterial pathogen, toxic metals and heat shock [9e12] . Recently, the role of HSPs in the stresses defense system has been well documented in mollusks, such as stimulated-expression of HSP70 in Mytilus galloprovincialis by heat shock and V. anguillarum stimuli, the up-regulation of TCTP transcript in Venerupis philippinarum against V. anguillarum challenge, the over-expression of HSP70 in Ostrea edulis in response to heat and Cd exposures, etc. [11,13e16] .
As ubiquitous, sedentary filter feeders broadly inhabiting in the coastal and estuarine areas, bivalve mollusks are easily infected by various pathogens naturally present in their habitat. For example, Vibrio and other pathogenic bacteria were frequently found in M. galloprovincialis [17, 18] . Among those pathogens, Vibrio species have been demonstrated to be an important cause of diseases in shellfish [19] , which could induce cytotoxicity and the production of reactive oxygen (ROS), etc. [20] . Furthermore, bivalve mollusks are also readily exposed to metallic xenobiotics [21, 22] . As an important toxicant xenobiotic, Cd posed great threat to the marine organisms by generating oxidative stresses after penetrating into cells through calcium channels [15] .
M. galloprovincialis is an important seafood product and a sentinel species for many countries [23] . In the present study, we aimed to clone the full-length cDNA of HSPA12A and TCTP from M. galloprovincialis, and also investigate the temporal expression of these two genes responded to Vibrio anguillarum stimulation and Cd exposure, for better understanding of the defense mechanisms of mussels responded to pathogen and toxic metal stresses.
Materials and methods

M. galloprovincialis and tissues collection
M. galloprovincialis (shell length 6.5e7.5 cm) were collected from a local aquafarm, and maintained at 23 C to acclimate for 10 days before commencement of the experiment. The seawater was totally changed every day, and the mussels were fed with unicellular algal species Chrysophyta and Tetraselmis chui daily. The tissues, including hemocytes, hepatopancreas, muscle, gonad, gills, and mantle, were dissected from six individuals as parallel samples to investigate the tissue-specific expression of MgHSPA12A and MgTCTP transcripts. These tissues were subjected to total RNA extraction by using TRIzol reagent (Invitrogen) immediately.
Bacterial challenge and toxic metal exposure experiments
A total of 300 mussels were employed in V. anguillarum chanllenge and Cd exposure experiments, and they were classified into four groups. Mussels of the control group were cultured in the filtered seawater. For the bacterial challenge, mussels were intramuscularly injected with 10 6 CFU live V. anguillarum according to the method described by Cellura et al. It has been demonstrated that mechanical operations, such as handling, filing and needle insertion, exerted little effects on the variations of HSPs gene expressions [13] . During the toxic metal exposure, mussels in the other two groups were treated with environmentally relevant concentrations of Cd (prepared from CdCl 2 ) at 5 and 50 mg/L, respectively. The concentrations of Cd have been previously reported in some heavily polluted sites of the Bohai Sea [24] . The CdCl 2 solutions were added to the seawater when the seawater was refilled every day. After bacterial challenge and Cd exposure, the hepatopancreas of six individuals were dissected from the control (at 0 h, as the naive specimens) and treated groups at each time intervals (24 h, 48 h and 96 h), respectively, and subjected to total RNA extraction immediately.
Cloning the full-length cDNA of MgHSPA12A and MgTCTP
Partial cDNA sequences of MgHSPA12A and MgTCTP were obtained from the subtractive cDNA library constructed from the digestive gland of M. galloprovincialis. Nested PCR was employed to clone the full-length cDNAs of MgHSPA12A and MgTCTP. And the forward and reverse primers were listed in Table 1 . The PCR amplification and sequencing were performed according to described previously [25] .
Sequence analysis
The cDNA and deduced amino sequences were analyzed by using the BLAST algorithm at National Centre for Biotechnology Information (http://www.ncbi.nlm.nih.gov/blast). Multiple alignments were performed using the ClustalW Multiple Alignment Program (http://www.ebi.ac.uk/clustalw/), and the signal peptide was predicted by using the SignalP 3.0 software. Two phylogenetic trees were constructed according to the amino acid sequences of HSPA12A and TCTP by using neighbor-joining method embedded in Mega4.1 program. To test the relative support for the phylogeny analysis, bootstrap trials were replicated 1000 times.
Quantification analysis of mRNA expression
The temporal expression of MgHSPA12A and MgTCTP to V. anguillarum infection and Cd exposure was measured in Applied Biosystem 7500 fast Real-time PCR System. Two pairs of genespecific primers (Table 1) , were designed to amplify PCR products of 125 bp and 164 bp respectively. The products were sequenced to verify the PCR specificity. The housekeeping gene b-actin (primers information listed in Table 1 ) was used as the internal control to verify the successful transcription and to calibrate the cDNA template for corresponding mussel samples [26, 27] . In a 96-well plate, each sample was run in triplicate along with the internal control. The hepatopancreas RNA extraction, cDNA synthesis, reaction component, thermal profile and the data analysis were conducted as previously described [28] . Dissociation curve analysis of amplification products was performed at the end of each PCR reaction to confirm that only one PCR product was amplified and detected. The 2 À OO CT method was used to analysis the relative expression level of the two genes [29] .
Statistical analysis
One-way analysis of variance (one-way ANOVA) was performed on all data using SPSS 16.0 statistical software, and p values less than 0.05 were considered statistically significant. All data were given as means AE SE (n ¼ 6).
Results
cDNA cloning and sequence analysis of MgHSPA12A and MgTCTP
Two nucleotide sequences of 2039 and 950 bp representing the complete cDNA sequence of MgHSPA12A and MgTCTP were (Fig. S1A) , respectively. Blast analysis revealed that MgTCTP shared high identities with other registered TCTPs as well (Fig. S1B) Based on the protein sequences aligned in the multiple sequences, two phylogenetic trees were constructed by the neighborjoining method, respectively. As revealed in Fig. 2A, MgHSPA12A formed the invertebrate group with HSPA12A counterparts from O. edulis, Saccoglossus kowalevskii, Nematostella vectensis, and Ciona intestinalis, and especially shared a common branch with O. edulis. Concerning to MgTCTP (Fig. 2B) , it was firstly clustered into the invertebrate group with TCTP from Ruditapes philippinarum, Clonorchis sinensis, and Schistosoma japonicum, etc, and then formed a sister group to the vertebrate cluster. The relationships displayed in the phylogenic trees were in good agreement with traditional taxonomy. 
Pan troglodytes
Tissues distribution of MgHSPA12A and MgTCTP
The MgHSPA12A transcript was mainly detected in the tissues of gonad, hepatopancreas, mantle, and gills (Fig. 3A) , while no obvious expression was observed in hemocytes and muscle. As concerned to MgTCTP, the transcript was detected in all the examined tissues, including hepatopancreas, hemocytes, gills, gonad, muscle, and mantle. It was dominantly expressed in the tissue of muscle, and moderately expressed in gonad and mantle (Fig. 3B) .
The temporal profiles of MgHSPA12A and MgTCTP mRNA after V. anguillarum challenge and Cd exposure
The expression profiles of MgHSPA12A and MgTCTP genes in hepatopancreas post V. anguillarum infection was shown in Fig. 4 . Significant increase of MgTCTP expression level (1.34-fold compared with the control, p < 0.05) was detected at 48 h post infection and no significant difference was observed between the control group and challenged groups for MgHSPA12A during the challenge period.
The temporal expression of MgHSPA12A and MgTCTP transcripts in hepatopancreas after cadmium exposure was shown in Fig. 5 . Significant increase of MgHSPA12A expression (2.0-fold compared to the control, p < 0.01) was observed at 48 h in 5 mg/L Cd-treated group. However, no significant difference of MgHSPA12A expression was observed at other time points compared with the blank group in both 5 and 50 mg/L Cd exposed groups (p < 0.05). Concerning to MgTCTP transcript, the expression level decreased after exposed for 24 h (0.6-fold, p < 0.05) and 96 h (0.5-fold, p < 0.05) compared with that of control group at both Cd concentrations.
Discussion
In this study, the cDNAs encoding MgHSPA12A and MgTCTP were identified from M. galloprovincialis, and these two proteins were confirmed by the sequence alignments, and phylogenetic analysis. As two of three HSP70 family signatures, IDLGTTFS (20aae 27aa) and IVDLGGGTADITVV (226aae239aa), were found in the deduced MgHSPA12A amino acid sequences, it strengthened the possibility of a functional specialization of HSPA12A within the group of HSP70 proteins [16] . This notion has been previously proposed by Han et al., who have reported the uniqueness of Cterminal substrate binding domain in HSPA12A of mice [5] . For MgTCTP, existence of the characteristic motif IGANASAEEAA (47aae 57aa) identified the homology of MgTCTP in the TCTP family [7] . Moreover, the typical sequence of an N-myristoylation site, GANASA (48aae53aa), in MgTCTP sequence suggested the potential anti-apoptotic activity [30] .
The ubiquities of HSPA12A and TCTP transcripts in different tissues have been reported in some other organisms, like mammals of human and mice for HSPA12A and mollusk of Venerupis philippinarum for TCTP [5, 6, 11] . In the present study, the expression of MgTCTP mRNA was dominantly detected in muscle, which was different from previous report on Venerupis philippinarum TCTP [11] . It was suggested that MgTCTP perhaps played an important role in muscle maintenance of M. galloprovincialis, as this tissue was frequently affected by heat, oxidative and mechanical stress [31] . Additionally, the high expression level of MgHSPA12A and MgTCTP in gonad perhaps indicated an essential role in reproductive processes, which was in agreement with Kappé et al., who found that some sHSPs were specially expressed in human testis [32] .
In the aquatic environment, mollusks are frequently faced with pathophysiological and environmental stressors that can adversely affect their internal regulatory systems. It has been demonstrated that mollusk hepatopancreas represented a significant target for bacterial stimuli and toxic metal exposure [33e35]. HSP70 and TCTP, as members of HSPs family, were both implicated in the protection of cells against various abiotic stress and in the innate immune responses against bacterial challenge [3, 36] . In the present study, no significant difference in the expression of MgHSPA12A was detected in hepatopancreas of mussels post V. anguillarum injection. This result was contrast with Cellura et al., who reported that HSP70 gene expression in M. galloprovincialis hemocytes was triggered by V. anguillarum challenge [13] . The difference perhaps further supported the notion that HSPA12 belongs to the HSP70 family but is distinct from the HSP70 family [5] . For MgTCTP, stimulated-expression in hepatopancreas was observed at 48 h post bacterial challenge. Similar phenomena were also observed in TCTP of R. philippinarum and sHSP22 in scallop challenged by V. anguillarum [11, 36] . It was speculated that V. anguillarum was perhaps rapidly eliminated by the hemocytes [13] , thus the amount of bacteria reached the hepatopancreas through the mussel circulatory system was not enough to produce significant effects. Moreover, the result might indicate that MgTCTP was more sensitive to V. anguillarum challenge than MgHSPA12A in hepatopancreas of M. galloprovincialis.
Concerning to Cd exposures, different stress responses were detected between these two genes, which indicated that they were involved in the detoxified system of mussels in different manners.
The up-regulation of MgHSPA12A transcript at 48 h in 5 mg/L Cdtreated group was perhaps related to the increased production of ROS, which was in agreement with previous observations in other organisms. For example, the expression of HSP70 and HSP90 in oysters exposed to Cd showed a significant enhancement [14, 37] . However, no significant difference of MgHSPA12A expression was observed when Cd concentration increased to 50 mg/L. It was deduced that strong oxidative stress caused by excess accumulation of Cd beyond a certain level in M. galloprovincialis drastically lowered the metabolic capacity, and then resulted in a less significant variation of MgHSPA12A expression profile in the 50 mg/L Cdtreated samples than those of by 5 mg/L Cd-treated samples.
Similar result was also reported on V. philippinarum treated with 10, 20, and 40 mg/L Cu and Cd respectively [25] . All these might be explained by the hormesis phenomenon in toxicology characterized by low-dose stimulatory and high-dose inhibitory responses [39, 40] . As concerned to TCTP, there were few reports on TCTP expression profile of shellfish exposed to toxic metals. Recently, TCTP was reported to be an anti-apoptotic protein [38] . Hence the decrease of MgTCTP mRNA was perhaps consistent with their roles as negative regulators in apoptosis. 5 . The expression level of MgHSPA12A (A) and MgTCTP (B) mRNA in hepatopancreas of the mussels post V. anguillarum infection. Each symbol and vertical bars represent the means AE SE (n ¼ 6). Significant difference between challenged and control group was indicated by an asterisk (p < 0.05) and extremely significant difference by double asterisk (p < 0.01).
